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Abstract
Background: Drought stress is one of the most adverse environmental constraints to plant growth and productivity.
Comparative proteomics of drought-tolerant and sensitive wheat genotypes is a strategy to understand the complexity
of molecular mechanism of wheat in response to drought. This study attempted to extend findings regarding the
potential proteomic dynamics in wheat under drought stress and to enrich the research content of drought tolerance
mechanism.
Results: A comparative proteomics approach was applied to analyze proteome change of Xihan No. 2 (a drought-
tolerant cultivar) and Longchun 23 (a drought-sensitive cultivar) subjected to a range of dehydration treatments (18 h,
24 h and 48 h) and rehydration treatment (R24 h) using 2-DE, respectively. Quantitative image analysis showed a total
of 172 protein spots in Xihan No. 2 and 215 spots from Longchun 23 with their abundance significantly altered
(p < 0.05) more than 2.5-fold. Out of these spots, a total of 84 and 64 differentially abundant proteins were
identified by MALDI-TOF/TOF MS in Xihan No. 2 and Longchun 23, respectively. Most of these identified proteins were
involved in metabolism, photosynthesis, defence and protein translation/processing/degradation in both two cultivars.
In addition, the proteins involved in redox homeostasis, energy, transcription, cellular structure, signalling and transport
were also identified. Furthermore, the comparative analysis of drought-responsive proteome allowed for the general
elucidation of the major mechanisms associated with differential responses to drought of both two cultivars. These
cellular processes work more cooperatively to re-establish homeostasis in Xihan No. 2 than Longchun 23. The
resistance mechanisms of Xihan No. 2 mainly included changes in the metabolism of carbohydrates and amino acids
as well as in the activation of more antioxidation and defense systems and in the levels of proteins involved in ATP
synthesis and protein degradation/refolding.
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Conclusions: This study revealed that the levels of a number of proteins involved in various cellular processes were
affected by drought stress in two wheat cultivars with different drought tolerance. The results showed that there exist
specific responses to drought in Xihan No. 2 and Longchun 23. The proposed hypothetical model would explain the
interaction of these identified proteins that are associated with drought-responses in two cultivars, and help in
developing strategies to improve drought tolerance in wheat.
Keywords: Wheat, Drought stress, Differentially abundant proteins, Proteomics, 2-DE, MALDI-TOF/TOF
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protein; CAT, Catalase; CBB, Coomassie brilliant blue; CBF, C-repeat-binding factor; CBS, Cystathionine β-synthase;
CRT, Calreticulin; DHN, Dehydrin; DMAB, 3-dimethyaminobenzoic acid; DREB, Dehydration-responsive element binding
protein; DW, Dry weight; FBA, Fructose-1,6-bisphosphate aldolase; FBP, Fructose-1,6-bisphosphate; FDH, Formate
dehydrogenase; FW, Fresh weight; GAP, Glyceraldehyde-3-phosphate; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; GPX, Glutathione peroxidise; GR, Glutathione reductase; GS, Glutamine synthetase; GSH, Glutathione;
GST, Glutathione S-transferase; HSPs, Heat shock proteins; IP3, 1,4,5-triphosphate; MAPK, Mitogen-activated protein
kinase; MBTH, 3-methyl, 2-benzo thiazolinone hydrazone; MDA, Malonaldehyde; MYB, Myeloblastosis oncogene;
MYC, Myelocytomatosis oncogene; NBT, Nitroblue tetrazolium; OEE, Oxygen-evolving enhancer; POX, Peroxidase;
PPP, Pentose phosphate pathway; PS II, Photosystem II; PVP, Polyvinypyrrolidone; ROS, Reactive oxygen species;
RuBisCO, Ribulose-1,5-bisphosphate carboxylase/oxygenase; RWC, Relative water content; weight; SAMS, S-
adenosylmethionine synthase; SE, Standard error; SOD, Superoxide dismutase; TBA, Thiobarbituric acid;
TPI, Triosephosphate isomerise; TW, Turgid weight; UXS, UDP-glucuronate decarboxylase; VDAC, Voltage
dependent anion channel; γ-GCS, Gamma-glutamylcysteine synthetase
Background
Drought is one of the most adverse environment stress
factors that negatively affects plant growth and develop-
ment, which adversely leads to the yield losses of major
crops worldwide every year [1]. Of the 1.5 billion hect-
ares of global cropland, only 20 % were irrigated that
provides about 40 % of the world’s food production,
whereas the remaining 60 % was provided by rain-fed
agriculture. Wheat (Triticum aestivum L.) as the world’s
most important cereal crop is grown in a large range of
latitudes worldwide under both irrigated and rain-fed
conditions and thus in conditions subjected to drought.
Wheat is considered as an excellent system to study
drought tolerance in spite of its genetic complexity [2].
Recently, the completion of chromosome-based draft se-
quencing of hexaploid bread wheat genome will acceler-
ate wheat breeding and identification of key genes
controlling complex traits in response to drought [3].
Based on the wheat genome sequencing data, much re-
search effort would be applied to gain better understand-
ing of mechanisms adopted by wheat to combat drought
stress.
To date, some physiological and molecular mecha-
nisms of plants to cope with drought stress have been
extensively described by many researchers. When plants
are subjected to drought stress, an early response is the
rapid closure of stomata triggered by ABA for decreasing
water loss from leaves [4, 5]. The transient increases of
ABA level under water deficit condition can also trigger
many downstream stress responses [6]. Two major re-
sponses have emerged in terms of cellular and molecular
basis in coping with drought. First, the initial response is
closely related to osmotic adjustment [7]. The accumu-
lated osmolytes include proline, glutamate, glycine-
betaine and sugars (mannitol, sorbitol and trehalose),
which play a key role in preventing membrane disinte-
gration and enzyme inactivation under drought stress
[8, 9]. Second, a large number of drought-responsive
genes and specific protective proteins were induced
for drought tolerance [10, 11]. These drought stress-
related transcripts and proteins are mostly involved in
signalling transduction and activation/regulation of
transcription, antioxidants and reactive oxygen species
(ROS) scavengers [12]. Most of the important transcrip-
tion regulon in drought-induced ABA signalling pathways
have been identified, such as dehydration-responsive
element binding protein (DREB), C-repeat-binding factor
(CBF), ABA-responsive element binding protein (AREB),
ABA-binding factor (ABF), myelocytomatosis oncogene
(MYC) and myeloblastosis oncogene (MYB) [13–15].
DREB and CBF function in ABA-independent gene ex-
pression, whereas AREB, ABF, MYC and MYB function in
ABA-dependent gene expression [16]. In wheat, stress-
inducible expression of TaDREB2 and TaDREB3 genes
demonstrated substantial resistance to drought stress [17].
Over-expression of TaNAC69 leads to enhanced transcript
levels of stress up-regulated genes and dehydration toler-
ance in bread wheat [18]. A MYB gene from wheat,
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TaMYBsdu1, is up-regulated under drought stress and
differentially regulated between tolerant and sensitive ge-
notypes [19]. For the ROS-scavenging pathways, the dele-
terious effects of ROS under drought stress need to be
quickly scavenged to protect cells from oxidative damage.
Some antioxidant enzymes, such as superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), gluta-
thione peroxidase (GPX), glutathione reductase (GR) and
glutathione S-transferase (GST), are responsible for ROS-
scavenging [6]. Drought-induced up-regulation of these
proteins suggested the presence of well-equipped antioxi-
dant system in plant cells to cope with drought stress
[20, 21]. Apart from antioxidants, accumulation of
molecular chaperons (HSP17, HSP70, Chap60, dnaK)
helps in refolding of misfolded proteins [22]. In addition,
inducible synthesis of dehydrin (DHN) proteins further
provides protection to membranes against dehydration
damage [23]. The association between accumulation of
DHN family members and drought tolerance has been
shown in some species, such as wheat [24, 25], tomato
[26], gentian [27] and white clover [28].
Despite intensive studies on drought-responsive mech-
anisms in plants [29–32], drought tolerance mechanisms
remain largely unknown due to a complex nature of the
quantitative trait. It is known that different cultivars
within a crop species may greatly differ in their response
and adaptation to drought stress [21, 33]. The informa-
tion available on the molecular basis of drought toler-
ance in different wheat genotypes is still limited.
Previous studies at transcriptomic level have revealed
that the drought-tolerant and sensitive wheat genotypes
can adopt different molecular strategies to cope with
drought stress [34–37]. One of the main differences is
the differential expression of some drought-inducible
genes for protection (e.g., antioxidants, detoxifiers, dehy-
drins, transporters and compatible solutes), regulation
(e.g., kinases, transcription factors and hormones) and
remodelling (e.g., membrane systems, cell wall and pri-
mary metabolic networks) [25, 30, 31, 37]. A large num-
ber of these well-known drought-related genes can often
be activated in drought-sensitive wheat genotype, while
the tolerant genotype shows the constitutive expression
of several genes activated by drought in sensitive geno-
type, which might contribute to limit drought effect and
perception [37]. In addition, signal transduction and
hormone-dependent regulation pathways are also differ-
ent in different wheat genotypes [35, 38]. The drought-
tolerant genotype can quickly sense drought and trigger
the signal transduction pathways for activation of down-
stream elements for survival from drought stress. The
differential expression of phospholipase C gene involved
in inositol-1, 4, 5-triphosphate (IP3) signalling and
mitogen-activated protein kinase (MAPK) cascade ele-
ments has been reported in two contrasting wheat
genotypes [35]. Some transcription factors also have
unique responses to drought stress in different wheat ge-
notypes, suggesting differences in hormone-dependent
regulation pathways. A drought-tolerant wheat genotype
has been reported to show induction of bZIP and HD-
ZIP gene known as transcription factors relevant to ABA
regulatory pathway under drought stress, whereas the
sensitive genotype induced transcription factors that
bind to ethylene responsive elements [35]. Although
these studies have provided important insights to some
extent, the data at transcriptional level are always insuffi-
cient to predict protein expression due to post-
transcriptional and post-translational regulation mecha-
nisms [39]. There is far less information available on the
functional products of these identified genes, leading to
poor knowledge of correlations between transcriptomes
and proteomes in drought-tolerant and sensitive wheat
genotypes under drought stress.
Proteomics has become the most direct and powerful
tool to obtain protein expression information of plants
in response to drought stress [9, 20]. It can provide the
global protein expression profile encoded by genome,
thereby complementing transcriptomic studies [40].
Comparative proteomics of drought-tolerant and sensi-
tive wheat genotypes is a strategy to understand the
complexity of molecular mechanism of wheat in re-
sponse to drought stress. Recently, a few published stud-
ies have been applied to describe proteome changes in
different wheat genotypes under drought stress [41–45].
A small set of drought-inducible proteins was also iden-
tified from these studies in various wheat organs includ-
ing seedling leaves, stems, roots and grains. Differential
expression of these proteins in different wheat genotypes
may be responsible for the stronger drought resistance
of tolerant genotypes. Although these studies have pro-
vided some insight into the molecular mechanisms of
different wheat genotypes in response to drought stress,
the limited information cannot be enough to establish
the possible drought-responsive proteins network for
explaining the different drought-responsive strategy in
drought-tolerant and sensitive genotypes. Furthermore,
it is conceivable that there may be many novel drought-
inducible proteins yet to be identified in previous stud-
ies. Thus, our observations attempt to extend findings
regarding the potential proteomic dynamics in drought-
tolerant and sensitive wheat genotypes under drought
stress and to enrich the research content of drought tol-
erance mechanism.
In the present study, a comparative proteomics ap-
proach was applied to investigate the molecular events
of two wheat cultivars in response to drought stress,
Xihan No. 2 (drought-tolerant cultivar) and Longchun
23 (drought-sensitive cultivar), respectively. The differ-
entially abundant proteins including well-known and
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novel drought-responsive proteins were identified in two
cultivars under drought stress using 2-DE coupled with
MALDI-TOF/TOF MS and Mascot database searching.
The findings will help drive further work to develop
strategies for improving drought tolerance and water use
efficiency of wheat, and to gain comprehensive know-
ledge of the underlying molecular mechanisms involved
in drought response.
Methods
Plant materials, growth conditions and dehydration
treatments
Seeds of wheat (Triticum aestivum L. cvs. Xihan No. 2
and Longchun 23) were supplied by Gansu Provincial
Key Laboratory of Aridland Crop Science, Lanzhou,
China. The two wheat cultivars were different in drought
resistance. In arid area with a rainfall of 250–300 mm,
the average yield of Xihan No. 2 (a drought-tolerant cul-
tivar, approved by the National Crop Variety Approval
Committee of China in 2007) was 15–45 % higher than
Longchun 23 (a drought-sensitive cultivar), which itself
produced only 50 % of the yield compared with optimal
watering. The seeds of two cultivars were sucking water
to break seed dormancy for 2 days at 25 ± 2 °C, then
they were sown in glass plates containing expanded
perlite in an environmentally controlled growth room
with 25 ± 2 °C, 70 % relative humidity and 16 h
photoperiod (300 μmol m−2 · s−1 light intensity). Ini-
tially, the plants were irrigated with 300 ml of water
every day that maintained the moisture content at
about 30 %. After a week, drought treatment was car-
ried out in 1-week-old seedlings by withholding water for
48 h, and then re-watered for the recovery of dehydrated
seedlings. The leaf samples were taken in triplicate from
both stressed/re-watered plants and continuously watered
controls after 18 h, 24 h and 48 h of dehydration and 24 h
of rehydration, respectively. The samples from controls
were collected at each time point during dehydration and
were finally pooled to normalize the growth and develop-
mental effects. The fresh leaves were directly used to de-
termine the physiological and biochemical responses of
wheat seedlings under drought stress. Another part of
leaves was immediately frozen in liquid nitrogen and
stored at −80 °C until the further processing of proteomic
analysis.
Determination of relative water content
The relative water content (RWC) was measured as de-
scribed by Bhushan et al. [9]. Fresh leaves were sampled
and immediately weighted for fresh weight (FW). To de-
termine turgid weight (TW), the leaves were incubated
in distilled water in darkness at 4 °C for 24 h to
minimize respiration losses until fully turgid. Dry weight
(DW) was determined by drying the fully turgid leaves
in an oven at 80 °C for 48 h. The RWC was calculated
by the following formula: RWC (%) = [(FW - DW) /
(TW - DW)] × 100.
Determination of proline accumulation
Proline was extracted and determined by the method of
Bates et al. [46]. Approximately 0.5 g of fresh leaves was
homogenized in 5 ml of 3 % (w/v) aqueous sulfosalicylic
acid. The homogenate was centrifuged at 5 000 × g for
15 min at 4 °C. The supernatant was treated with acid
ninhydrin reagent and glacial acetic acid (1:1, v/v), boiled
at 100 °C for 1 h, then the reaction was terminated on
ice for 5 min. The absorbance of reaction mixture was
read at 520 nm. Proline content was determined from
standard curve and calculated on a fresh weight basis
(μg · g FW−1).
Determination of lipid peroxidation
Malonaldehyde (MDA) content as an important index
of lipid peroxidation was measured following the
methods of Hodges et al. [47]. Approximately 0.5 g of
fresh leaves was homogenized in 5 ml of 0.1 % (w/v)
trichloroacetic acid (TCA). The homogenate was cen-
trifuged at 10 000 × g for 15 min at 4 °C, and 1 ml of
supernatant was added to 2 ml of 0.5 % (v/v) TBA in
20 % TCA. The mixture was incubated at 100 °C for
30 min and then quickly cooled in an ice bath. After
centrifuged at 10 000 × g for 10 min at 4 °C, the ab-
sorbance of supernatant was recorded at 450 nm, 532 nm
and 600 nm, respectively. The non-specific absorbance at
600 nm was subtracted, and a standard curve of sucrose
was used to rectify the possible interference of soluble
sugars in samples. MDA content was calculated using an
extinction coefficient of 155 mM−1 cm−1and expressed as
μg · g FW−1.
Determination of electrolyte leakage
Electkrolyte leakage was assayed according to Yan et al.
[48]. Fresh leaves were cut into 1 cm segments and
washed three times with ultrapure water. The segments
were incubated in a tube containing 10 ml of ultrapure
water at room temperature for 2 h. Two hours later,
conductivity (C1) was recorded using a conductivity
meter (INESA, China). Then, the tubes were incubated
at 100 °C for 20 min. After the solution was cooled to
room temperature, conductivity (C2) was recorded again.
Electrolyte leakage was calculated by the following for-
mula: Electrolyte leakage (%) = C1 / C2 × 100.
Determination of photosynthetic pigments
Approximately 1 g of fresh leaves was extracted in 10 ml
of 80 % chilled acetone. After centrifuged at 3 000 × g
for 2 min at 4 °C, the supernatant was used for the de-
termination of photosynthetic pigments. The absorbance
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of supernatant was recorded at 663 nm, 645 nm and
470 nm, respectively. Chlorophyll and carotenoid con-
tent was calculated as described by Bhushan et al. [9]
and expressed as mg · g FW−1.
Determination of H2O2 content
H2O2 content was determined by the peroxidase-
coupled assay according to Veljovic-Jovanovic et al. [49].
Approximately 0.2 g of fresh leaves was ground in liquid
nitrogen and the powder was extracted in 2 ml of 1 M
HClO4 in the presence of 5 % insoluble polyvinylpyrroli-
done (PVP). The homogenate was centrifuged at 12
000 × g for 10 min and the supernatant was neutralized
with 5 M K2CO3 to pH 5.6 in the presence of 100 ml 0.3
M phosphate buffer (pH 5.6). The solution was centri-
fuged at 12 000 × g for 1 min and the sample was incu-
bated for 10 min with 1 U ascorbate oxidase (Sigma, St.
Louis, USA) to oxidize ascorbate prior to assay. The re-
action mixture consisted of 0.1 M phosphate buffer (pH
6.5), 3.3 mM DMAB (3-dimethylaminobenzoic acid)
(Sigma, St. Louis, USA), 0.07 mM MBTH (3-methyl, 2-
benzo thiazolinone hydrazone) (Sigma, St. Louis, USA)
and 0.3 U POX (peroxidase) (Sigma, St. Louis, USA).
The reaction was initiated by addition of 200 ml sample.
The absorbance change at 590 nm was monitored at
25 °C.
Enzyme assay
Approximately 1 g of fresh leaves was homogenized
in 5 ml of extraction buffer [50 mM K-phosphate
buffer (pH 7.8), 1 mM Na-EDTA and 1 % (w/v)
PVP]. The homogenate was centrifuged at 15 000 × g
for 20 min at 4 °C, and the supernatant was used to
assay the enzyme activity. All the steps in the prepar-
ation of enzyme extracts were performed at 4 °C.
Total superoxide dismutase (SOD) activity was mea-
sured by nitroblue tetrazolium (NBT) method of Beyer &
Fridovich [50] and expressed as units · mg protein−1. Cata-
lase (CAT) activity was assayed by monitoring the con-
sumption of H2O2 at 240 nm (E = 39.4 mM
−1 cm−1)
according to the method of Aebi [51] and expressed as
μmol · min−1 · mg protein−1.
Protein extraction
Total leaf proteins were extracted from the control and
treatment seedlings as described by Donnelly et al. [52]
with some modifications. Approximately 2 g of leaves
were homogenized in liquid nitrogen. The homogenate
was precipitated overnight at −20 °C by the addition of
25 ml of chilled 10 % (w/v) TCA/acetone containing
1 mM PMSF and 0.07 % (v/v) β-mercaptoethanol.
After centrifuged at 20 000 × g for 20 min at 4 °C,
the pellet was collected and incubated at −20 °C for
20 min. Then pellet was washed and resuspended
with 20 ml of chilled acetone containing 1 mM PMSF
and 0.07 % (v/v) β-mercaptoethanol. After centrifuged
at 15 000 × g for 15 min at 4 °C, the pellet was col-
lected and incubated at −20 °C for 10 min. The steps
were repeated until the pellet became pure white. The
washed pellet was air-dried for 1 h and then solubilized in
250 μl of rehydration buffer [8 M urea, 2 % (v/v) Triton
X-100, 1 % (w/v) DTT, 1 mM PMSF] for 2 h at room
temperature. After centrifuged at 15 000 × g for 15 min at
4 °C, the supernatant was collected and stored at −80 °C.
The protein extraction was repeated three times, and the
protein concentration was measured using Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA, USA) accord-
ing to the manufacturer’s instructions with bovine serum
albumin (BSA) as the standard.
2-DE (Two-dimensional polyacrylamide gel electrophoresis)
The first dimension of the isoelectric focusing (IEF) was
performed using 17 cm immobilised pH gradients (IPG)
strips (Bio-Rad, Hercules, CA, USA) with pH gradients
3–10 in PROTEAN IEF Cell System (Bio-Rad, Hercules,
CA, USA). The IPG strips were rehydrated overnight
with 900 μg of total proteins diluted in rehydration buf-
fer [7 M urea, 2 M thiourea, 2 % (w/v) CHAPS, 0.3 %
(w/v) DTT, 0.5 % (v/v) IPG buffer (pH3-10) and 0.001 %
(w/v) bromophenol blue] to reach a final volume of
350 μl. After rehydration, the focusing was performed
at 20 °C using the following settings: 50 V during 14 h,
gradient to 250 V during 0.5 h, gradient to 1 000 V in 1 h,
gradient to 10 000 V in 5 h, 10 000 V until 60 000 Vh.
Prior to second dimension electrophoresis, the IPG strips
were equilibrated at room temperature for 15 min in
5 ml of equilibration buffer [6 M urea, 2 % (w/v)
SDS, 20 % (v/v) glycerol, 0.375 M Tris-HCl (pH8.8)
and 0.2 % (w/v) DTT], and subsequently for 15 min
in the same buffer but 2.5 % (w/v) iodoacetamide re-
placing DTT. The equilibrated strips were loaded and
run on 12 % SDS-PAGE gels using PROTEANII xi
Cell System (Bio-Rad, Hercules, CA, USA) with a
programmable power controller. The gels were run
for 15 min at 50 V, then at constant voltage 200 V
until the dye front reached the bottom of gel. The
separated proteins were visualized by coomassie bril-
liant blue (CBB) G-250 staining. For each protein
sample, three replicates were run for each gel to as-
certain reproducibility.
Image acquisition and data analysis
The CBB-stained 2-DE gels were scanned with a UMAX
PowerLook 2100XL-USB scanner (Maxium Tech Inc.,
Taiwan, China) at 600 bits per pixel and scan resolution
of 300 dpi in a transmission mode. Image analysis was
subsequently carried out with PDQuest v8.0.1 software
(Bio-Rad, Hercules, CA, USA), including background
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subtraction, spot detection, spot measurement and spot
matching. The gel image of control was selected as a ref-
erence gel to align with gel image of dehydration (18 h,
24 h and 48 h) and rehydration (R24 h), respectively.
The abundance of one protein spot was expressed as the
volume of that spot which was defined as the sum of the
intensities of all the pixels that make up that spot. To
minimize possible errors due to differences in the
amount of protein loaded and the staining intensity, the
spot abundance was normalised as a percentage of the
total spot volume in the gel. The normalised percentage
volume (Relative V%) of protein spots from triplicate
biological samples were subjected to statistical analysis
using means ± standard error (SE). At least nine images
derived from three biological replicates of each treat-
ment were compared, which were obtained in the same
experimental set. We used one-way analyses of variance
(ANOVA) to evaluate the significance (p < 0.05) of pro-
tein differential expression. Only spots with statistical
significance (p < 0.05) and reproducible changes were
considered, and the spots with an abundance ratio at
least 2.5-fold in relative abundance were selected as dif-
ferentially abundant proteins. These spots were then se-
lected for protein identification using MALDI-TOF/TOF
MS.
Tryptic digestion
Spots with significantly differential expression from 2-
DE gels were carefully excised. Gel spots were washed
twice for 30 min with deionized water, and then
destained and dehydrated with acetonitrile (ACN). After
washed twice for 30 min at room temperature with vig-
orous shaking in 400 μl of 50 % ACN containing 50 mM
ammonium bicarbonate, the gel spots were incubated
overnight with 400 μl of 100 % ACN and then dried.
Proteins were digested for 18 h at 37 °C in 10 μl of
15 ng/μl trypsin solution. The supernatant was col-
lected, and the fluid was further extracted twice from
gel spots with 50 μl of 50 % ACN containing 5 % tri-
fluoroacetic acid (TFA) for 1 h at 37 °C. Finally, all
the extractions were pooled with the trypsin super-
natant and dried.
Protein identification by MALDI-TOF/TOF MS
For MALDI-TOF/TOF MS, digested protein samples
were mixed (1:1, v/v) with the matrix solution [7 mg/ml
α-cyano-4-hydroxycinnamic-acid in 50 % (v/v) ACN and
0.1 % (w/v) TFA], and then 0.7 μl of this mixture was
spotted on the MALDI target. Tryptic peptides were
analysed using an ABI 4800 Plus MALDI-TOF/TOF™
Analyzer (AB SCIEX, Framingham, MA, USA). The MS
spectra were recorded in the positive reflector mode in a
mass range from 800 to 4000 with a focus mass of 2000.
For one main MS spectrum 25 subspectra with 125
shots per subspectrum were accumulated using a ran-
dom search pattern. MS was used a CalMix5 standard to
calibrate the instrument (ABI 4700 Calibration Mixture).
For MS calibration, autolysis peaks of trypsin (m/z
842.5100 and 2211.1046) were used as internal cali-
brates, and up to 10 of the most intense ion signals were
selected as precursors for MS/MS acquisition, excluding
the trypsin autolysis peaks and the matrix ion signals. In
MS/MS positive-ion mode, for one main MS spectrum
50 subspectra with 50 shots per subspectrum were accu-
mulated using a random search pattern. Collision energy
was 1-kV, collision gas was air, and default calibration
was set by using the Glu1-Fibrino-peptide B (m/z
1570.6696) spotted onto Cal 7 positions of the MALDI
target. Both the MS and MS/MS data were integrated
and extracted using GPS Explore v3.6 software (AB
SCIEX, Framingham, MA, USA). Peptides were identi-
fied by searching for taxonomy (Viridiplantae, green
plants; 1022713 sequences) in the NCBInr database
20120107 (16831682 sequences; 5781564572 residues)
using Mascot v2.2 search engine (Matrix science, London,
UK). The parameters for searching were: enzyme equals
trypsin; one missed cleavage; allowed variable oxidation
modifications (Met); allowed fixed modifications of carba-
midomethyl (Cys); peptide mass tolerance of 100 ppm;
fragment mass tolerance of 0.3 Da. The significance
threshold (p < 0.05) was set using the Mascot algorithm.
Functional classification and hierarchical clustering
analysis
The functional classification of the identified proteins
was conducted according to the putative functions
assigned to each of the candidates using the protein
function database. A hierarchical clustering analysis
was performed by using the Multi Experiment Viewer
(MEV) software (Pearson correlation, default parame-
ters). The data were taken in terms of -fold expres-
sion with respect to the control expression value.
Then, the data sets were log-transformed to the base
2 to level the scale of expression and reduce the
noise. Only the clusters with n > 6 were taken to in-
vestigate the co-expression patterns for functionally
similar proteins.
Statistical analysis
Statistical analysis was carried out with three biological
replicates for proteomic and physiological analyses. The
repeated measurement was given as means ± standard
error (SE). The results of spot abundance and physio-
logical data were statistically evaluated by one-way ana-
lyses of variance (ANOVA) and the Duncan’s multiple
range test to determine the significant difference among
group means. In all cases, significance was defined as
p < 0.05.
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Results
The morphological and physiological responses induced
by drought stress in wheat seedlings
One-week-old seedlings of two wheat cultivars were sub-
jected to gradual dehydration treatments over 48 h.
There were no visible morphological changes in seed-
lings until 18 h dehydration treatment, but the leaves of
both two cultivars began to roll after 24 h, and the dam-
age was further aggravated at 48 h (Fig. 1). After 24 h re-
hydration, the seedlings of Xihan No. 2 were obviously
recovered and no recovery was found in Longchun 23
(Fig. 1). During the whole drought stress period, Xihan
No. 2 still showed a higher RWC than Longchun 23
(Fig. 2a). The RWC was significantly declined by 35.8 %
in Longchun 23 but only declined by 15.8 % in Xihan
No. 2 after 24 h dehydration treatment, and sharply de-
clined in both two cultivars at 48 h. After 24 h rehydra-
tion, the RWC of Xihan No. 2 rapidly reached higher
value (79.5 %) as compared with Longchun 23 (56.4 %).
A rapid accumulation of free proline was observed in
Xihan No. 2 after 18 h dehydration treatment, but it was
found in Longchun 23 until 48 h (Fig. 2b). After 48 h de-
hydration treatment, proline content was sharply in-
creased by 8.86-fold in Xihan No. 2 but only increased
by 4.99-fold in Longchun 23. MDA and electrolyte leak-
age as important indexes of membrane injury were mea-
sured (Fig. 2c and d). MDA content of Longchun 23 was
significantly increased by 68.25 % after 48 h dehydration
treatment, whereas no obviously increase was found in
Xihan No. 2 (Fig. 2c). It was significantly decreased in
both two cultivars after 24 h rehydration. Electrolyte
leakage showed a sharp rise in Longchun 23 with the in-
crease of drought stress, whereas there was a significant
increase in Xihan No. 2 until 48 h dehydration treatment
(Fig. 2d). As compared with a 1.69-fold increase in
Xihan No. 2, the increase was occurred in Longchun 23
by 2.44-fold after 48 h dehydration treatment. It was sig-
nificantly decreased in both two cultivars after 24 h
rehydration. The correlation between photosynthetic
pigments and drought stress was examined (Fig. 2e
and f ). Chlorophyll content in both two cultivars was
significantly declined during all the stages of drought
stress, and the decrease occurred in Longchun 23 by
45.10 % as compared with a decrease only by 30.10 %
in Xihan No. 2 after 48 h dehydration treatment
(Fig. 2e). Carotenoid content also showed a significant
decline in both two cultivars during all the stages of
drought stress, and it decreased after 24 h rehydration
(Fig. 2f). The oxidative damage induced by drought stress
was also examined (Fig. 2g, h and i). The H2O2 level in
Longchun 23 was higher than Xihan No. 2 during all the
stages of drought stress (Fig. 2g). H2O2 content was rap-
idly increased by 241.41 % in Longchun 23 after 48 h de-
hydration treatment but only increased by 166.39 % in
Xihan No. 2. After 24 h rehydration, H2O2 content of two
cultivars was decreased. The activity of SOD and CAT in
both two cultivars was initially increased until 24 h dehy-
dration treatment, and then decreased by 42.02 % and
14.10 % in Longchun 23 at 48 h as compared with a de-
crease only by 21.22 and 11.26 % in Xihan No. 2, respect-
ively (Fig. 2h and i).
Identification of drought-responsive proteins by 2-DE and
MS in two wheat cultivars
Comparative proteomics analysis was used to investigate
the changes of protein profiles in two wheat cultivars under
drought stress. Total leaf proteins of control, dehydration
treatments (18 h, 24 h and 48 h) and rehydration treatment
(R24 h) was extracted and separated by 2-DE, and three
replicate gels for control and each treatment were obtaind
(Additional file 1: Figure S3, Additional file 2: Figure S4).
Figures 3 and 4 showed the representative standard gel
maps of Xihan No. 2 and Longchun 23, respectively. The
total numbers of protein spots reproducibly detected from
control, dehydration treatments (18 h, 24 h and 48 h) and
rehydration treatment (R24 h) in Xihan No. 2 were 880 ± 41,
Fig. 1 The drought-induced morphological responses in wheat seedlings. The wheat seeds of Xihan No. 2 and Longchun 23 were sown in glass
plates containing expanded perlite in an environmentally controlled growth room with 25 ± 2 °C, 70 % relative humidity and 16 h photoperiod
(300 μmol m−2 · s−1 light intensity). One-week-old seedlings were subjected to progressive drought stress up to 48 h. Then, the glass plates were
re-watered for the recovery of dehydrated seedlings. The photographs of two wheat cultivars were taken from 0 h, dehydration treatments (18 h,
24 h and 48 h) and rehydration treatment (R24 h), respectively
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865 ± 32, 832 ± 34, 768 ± 28 and 748 ± 43, respectively
(Fig. 5). In Longchun 23, the total numbers of protein spots
were 872 ± 43, 865 ± 35, 842 ± 26, 738 ± 19 and 761 ± 37,
respectively (Fig. 5). The total number of protein spots on
2-DE gels was gradually declined in both two cultivars dur-
ing all the stages of drought stress (Fig. 5). Quantitative
image analyses showed a total of 172 protein spots from
Xihan No. 2 and 215 protein spots from Longchun 23 with
their abundance significantly altered (p < 0.05) by more
than at least 2.5-fold under drought stress and rehydration.
One hundred and forty-eight differentially abundant
proteins were identified by MALDI-TOF/TOF MS in
total, including 84 proteins identified in Xihan No. 2 and
64 proteins identified in Longchun 23, respectively. The
primary identification information of these differentially
abundant proteins of two wheat cultivars were presented
in Additional file 3: Table S1, Additional file 4: Table S2
and Additional file 5: Table S3, which were summarised
in Additional file 6: Table S4 and Additional file 7: Table
S5. To generate a board survey of identified proteins
with altered abundance under drought stress, a Venn
diagram was conducted to show the dynamics of the
number of differentially abundant proteins between
Xihan No. 2 and Longchun 23 (Fig. 6). Among these
identified proteins, 6 proteins (acid phosphatase, glyc-
eraldehyde-3-phosphate dehydrogenase, peptidyl-prolyl
cis-trans isomerase, proteasome subunit alpha, voltage
dependent anion channel and S-like RNase) were up-
regulated and 4 proteins (ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit, RuBisCO large
subunit-binding protein subunit alpha, elongation factor
Tu and S-adenosylmethionine synthase) were down-
regulated in both two cultivars under drought stress. 41
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Fig. 2 The drought-induced physiological responses in wheat seedlings. The RWC (a), free proline content (b), MDA content (c), electrolyte
leakage (d), chlorophyll content (e), carotenoid content (f), H2O2 content (g), SOD activity (h) and CAT activity (i) were measured from
control, dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment (R24 h) of Xihan No. 2 and Longchun 23, respectively.
Each value is represented as means ± SE for three independent experiments. Means followed by different small letters are significantly different
at p < 0.05 according to Duncan’s multiple range test
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and Longchun 23, respectively (Fig. 6a). 31 and 15 pro-
teins were down-regulated only in Xihan No. 2 and Long-
chun 23, respectively (Fig. 6b). Except for the quantitative
changes, some proteins also showed qualitative changes in
both two cultivars. Five proteins (spots 3508, 3806, 4113,
6214 and 6215) were disappeared after 48 h dehydration
treatment, and two proteins (spots 3500 and 6211) absent
in control were induced under drought stress in Longchun
23. In Xihan No. 2, two proteins (spots 9037 and 2701)
were disappeared after 48 h dehydration treatment.
Otherwise, it was noted that the same protein
migrated to different gel spots, and their function was
common to different spots. In Xihan No. 2, 16 pro-
teins were identified in two to four spots, that is,
glyceraldehyde-3-phosphate dehydrogenase (spot 8304
and 8301), putative acid phosphatase (spots 9036 and
9037), putative inactive purple acid phosphatase 27
(spots 5703 and 5705), S-adenosylmethionine synthase
(spot 4501, 4506 and 4706), ribulose1,5-bisphosphate
carboxylase activase isoform 1 (spots 3402 and 2504),
fructose-bisphosphate aldolase (spot 7407, 2309, 3303
and 3306), fructose-bisphosphate aldolase precursor
Fig. 3 2-DE gel analysis of proteins extracted from leaves of Xihan No. 2 during dehydration and rehydration. Equal amounts (900 μg) of proteins
were separated on pH 3–10 IPG strips (17 cm, linear) in the first dimension and by SDS-PAGE on 12 % polyacrylamide gels in the second dimension.
The gels were visualized by CBB staining. Three replicate CBB-stained gels for control, dehydration treatments (18 h, 24 h and 48 h) and rehydration
treatment (R24 h) (Additional file 1: Figure S3) were computationally combined using PDQuest v8.0.1 software, respectively. Protein spots indicated
with numbers were identified by MALDI-TOF/TOF MS. The identified spots were numbered in accordance with Additional file 6: Table S4. a 2-DE
protein profile for control; (b-e) 2-DE protein profile for dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment (R24 h), respectively
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(spots 3302 and 5505), protochlorophyllide reductase
(spot 8426 and 9406), glutathione transferase (spots 7102,
6105 and 6101), cyclophilin-like protein (spots 8001 and
8003), germin-like protein 1 (spots 5102, 4112 and 3001),
F1-ATPase (spots 9114 and 9115), adenylate kinase A
(spot 8201 and 7215), aspartic proteinase nepenthesin-1
precursor (spots 8518, 9310 and 7311), chloroplast stem-
loop binding protein of 41 kDa b (spots 8304 and 8308)
and S-like RNase (spots 7219 and 7108) (Additional file 3:
Table S1, Additional file 6: Table S4). In Longchun 23, 7
proteins were identified in two or three spots, that is
ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (spot 4708 and 4705), glutamate-1-semialdehyde
2,1-aminomutase (spots 3508 and 3511), thaumatin-like
protein TLP5 (spots 7104 and 6105), 50S ribosomal
protein L10 (spots 3103 and 5102), ATP-dependent Clp
protease proteolytic subunit (spots 3205 and 2206), mito-
chondrial outer membrane porin (spots 8220 and 8250)
and rab protein (spots 6212, 6215 and 7206) (Additional
file 4: Table S2, Additional file 7: Table S5). The multiple
observation of same protein on 2-DE gels could be due to
post-translational modifications such as glycosylation,
phosphorylation and proteolytic cleavage that can alter
the molecular weight and charge of these proteins.
Fig. 4 2-DE gel analysis of proteins extracted from leaves of Longchun 23 during dehydration and rehydration. Equal amounts (900 μg) of
proteins were separated on pH 3–10 IPG strips (17 cm, linear) in the first dimension and by SDS-PAGE on 12 % polyacrylamide gels in the second
dimension. The gels were visualized by CBB staining. Three replicate CBB-stained gels for control, dehydration treatments (18 h, 24 h and 48 h)
and rehydration treatment (R24 h) (Additional file 2: Figure S4) were computationally combined using PDQuest v8.0.1 software, respectively. Protein
spots indicated with numbers were identified by MALDI-TOF/TOF MS. The identified spots were numbered in accordance with Additional file 7: Table
S5. a 2-DE protein profile for control; (b-e). 2-DE protein profile for dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment (R24
h), respectively
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Functional classification of drought-responsive proteins in
two wheat cultivars
The identified proteins play a variety of functions during
cellular adaptation to drought stress. In Xihan No. 2,
84 differentially abundant proteins were grouped into
ten functional classes (Fig. 7a and Additional file 6:
Table S4). The largest percentage of identified pro-
teins was involved in photosynthesis (22 %), and the
second classes corresponded functions were involved
in defence (14 %) and metabolism (14 %). Protein
translation/processing/degradation and redox homeo-
stasis accounted 13 % and 11 %, respectively. Proteins
were also found to play roles in energy (9 %), miscellan-
eous (7 %), unknown (6 %), transcription (2 %) and trans-
port (2 %). A wide range of cellular functions were also
covered in Longchun 23, which were grouped into
twelve functional classes (Fig. 7b and Additional file 7:
Table S5). It included metabolism, photosynthesis, protein
translation/processing/degradation, redox homeostasis,
defence, energy, transcription, cellular structure, signal-
ling, transport, miscellaneous and unknown. The major
functional class corresponded proteins involved in metab-
olism (23 %), protein translation/processing/degradation
(20 %), photosynthesis (16 %), transport (11 %) and de-
fence (8 %).
Dynamics of drought-responsive protein networks in two
wheat cultivars
To summarize the proteins with similar expression pro-
files listed in Additional file 6: Table S4 and Additional
file 7: Table S5, the hierarchical clustering was applied to
differentially abundant proteins identified in two wheat
cultivars. The clustering analysis yielded nine and eight
expression clusters in Xihan No. 2 and Longchun 23
(Figs. 8 and 9), respectively. The detailed information on
proteins within each cluster is presented in Additional
file 8: Figure S1 and Additional file 9: Figure S2. The
proteins involved in redox homeostasis, defense, energy
and protein translation/processing/degradation, played
key roles in drought tolerance of Xihan No. 2 (Fig. 8).
These proteins showed an early induction for drought
response and maintained almost steady state henceforth
in Cluster 1 and 6. However, non-homogeneous expres-
sion patterns were also observed in proteins with these
functions. Cluster 5 enriched in defense and protein
translation/processing/degradation-related proteins were
firstly up-regulated and followed by a gradual down-
regulation after 18–24 h drought stress, and then in-
duced again until recovery. The co-clustering pattern
was also found for unknown proteins in Cluster 1 and 5.
Identification of these proteins might provide some valu-
able insight into kinetics of drought tolerance mecha-
nisms. The most abundant group, Cluster 7 with 24
proteins, were found to be down-regulated during all the
stages of drought stress, showing the maximum co-
clustering for the proteins involved in photosynthesis
and metabolism. Due to heterogeneous composition, the
miscellaneous category of proteins were represented
in almost all the clusters and showed no clear cluster-
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Fig. 5 The total number of protein spots detected from the 2-DE gel
of Xihan No. 2 and Longchun 23 during dehydration and rehydration
Fig. 6 Venn diagrams of the number of up- (a) and down-regulated (b) proteins in Xihan No. 2 and Longchun 23 under drought stress. Overlapping
regions of the circles indicate the number of proteins regulated in either the same manner in both two wheat cultivars, whereas non-overlapping
circles indicated proteins regulated in only that cultivar
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drought-responsive and showed down-regulation after
24 h drought stress (Fig. 9), which was enriched in
proteins associated with metabolism, redox homeostasis,
photosynthesis, energy and transport. The proteins in-
volved in protein translation/processing/degradation and
photosynthesis as the major functional classes in Cluster 4
were observed to be down-regulated during all the stages
of drought stress and recovered after rehydration. Cluster
5 involved in metabolism, protein translation/processing/
degradation and transport was early induced and main-
tains almost steady state henceforth. The other two major
groups were Cluster 6 and 8. The proteins in Cluster 6
were gradually up-regulated and involved in transport
and defence. The metabolism and protein translation/
processing/degradation-related proteins in Cluster 8
were early induced and maintain almost steady state
during 18–48 h drought stress, and then up-regulated
after rehydration. The co-clustering pattern was also
found for unknown proteins in Cluster 8. Proteins in-
volved in photosynthesis and metabolism showed no
clear clustering patterns.
Discussion
Drought is the most important limiting factor for wheat
production, and it is becoming an increasingly severe
problem in northwestern regions of China. In addition
to the complexity of drought itself, the responses of
different wheat genotype to drought are complex. The
different mechanisms are adopted by wheat genotype
with different drought tolerance when they encounter
drought stress. The present research about physiology
and comparative proteomics in two wheat cultivars with
different drought tolerance will help to establish the pre-
cise screening techniques to identify traits which are re-
lated to drought tolerance in wheat.
Metabolism-related proteins
Drought can often cause significant metabolism alter-
ation in plants so as to produce some important
metabolic intermediates and more energy against
drought stress [21, 53, 54]. Several key enzymes in-
volved in glycolysis pathway were up-regulated under
drought stress, that is, glyceraldehyde-3-phosphate de-
hydrogenase (spot 8403) in Xihan No. 2, glyceraldehyde-
3-phosphate dehydrogenase A (spot 6413), triosepho-
sphate isomerase (spot 1207) and enolase 2 (spot 3702) in
Longchun 23. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is responsible for the interconversion of 1,3-
diphosphoglycerate and glyceraldehyde-3-phosphate, a
central step in glycolysis and gluconeogenesis [55, 56].
The up-regulation of GAPDH in both two wheat cultivars
can promote glucose metabolism to meet the increased
substance and energy requirement for drought resistance
as suggested by Rochat et al. [57]. Triosephosphate isom-
erase (TPI) catalyzes the reversible interconversion of
dihydroxyacetone phosphate and D-glyceraldehyde 3-
phosphate, which is essential for efficient energy pro-
duction in glycolysis [58]. The up-regualtion of TPI
(spot 1207) in Longchun 23 is consistent with the ob-
servation in rice and maize under drought stress [59, 60].
Enolase 2 (spot 3702) catalyzes the dehydration of 2-
phosphoglycerate to phosphoenolpyruvate, which has
been reported in response to salt, drought, cold and anaer-
obic stress [33, 48, 59, 61]. It suggested that the
Fig. 7 Functional classification of the differentially abundant proteins in Xihan No. 2 (a) and Longchun 23 (b) during dehydration and
rehydration. The protein function classification was conducted according to the putative functions assigned to each of the candidate proteins
using the protein functional database and displayed in the pie chart
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strengthened glycolysis pathway can lead to acetyl-CoA
accumulation in Krebs cycle and finally produce a large
amount of ATP for drought resistance. Malate dehydro-
genase (spots 6412 and 7405) associated with Krebs cycle
was also up-regulated during the early period of drought
stress in Longchun 23, which might accelerate Krebs cycle
for drought adaption [33, 62]. In addition, two crucial
enzymes in pentose phosphate pathway (PPP), 6-phos-
phogluconate dehydrogenate (spot 3608) and transketo-
lase (spot 3806), were up-regulated in Longchun 23. It
was most likely that PPP may be another pathway for pro-
ducing more energy in response to drought [33]. Such a
number of regulated glucose metabolism-related enzymes
in Longchun 23 reflected an increased energy requirement
in drought-sensitive cultivar than tolerant cultivar under
drought stress.
Drought can cause changes in free amino acid levels in
plant cells [21, 33, 63]. There were several amino acid
biosynthesis-related enzymes affected by drought stress
in two wheat cultivars. Glutamine synthetase (GS) is
Fig. 8 Clustering analysis of the expression profiles of differentially abundant proteins in Xihan No. 2 during dehydration and rehydration. The
hierarchical cluster tree is shown at the top, and the expression profiles are shown below. The five rows of hierarchical cluster tree represent
control, dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment (R24 h), respectively. Each individual protein is represented by a
single column of colour boxes. The up- and down-regulated proteins are indicated in red and green, respectively. The colours intensity is increased
with the expression differences increasing, as shown in the bar. The expression profile of each individual protein in the cluster is depicted by gray lines,
while the mean expression profile is marked in pink for each cluster. The number of proteins in each cluster is given in the left upper corner, and the
cluster number is given in the right lower corner. Only the clusters with n > 6 were taken to investigate the co-expression patterns for functionally
similar proteins. The detailed information on proteins within each cluster is presented in Additional file 8: Figure S1
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responsible for the first step of ammonium assimilation
and transformation into glutamine and proline (an im-
portant osmolyte) precursors [64, 65]. The up-regulated
plastid glutamine synthetase isoform GS2c (spot 1408)
in Xihan No. 2 can lead to proline accumulation and
enhance osmotic adjustment ability of cells under drought
stress as suggested by Díaz et al. [66]. It appeared that
proline biosynthesis may be an important amino acid me-
tabolism strategy against drought in drought-tolerant cul-
tivar. S-adenosylmethionine synthase (SAMS) catalyzes a
Fig. 9 Clustering analysis of the expression profiles of differentially abundant proteins in Longchun 23 during dehydration and rehydration. The
hierarchical cluster tree is shown at the top, and the expression profiles are shown below. The five rows of hierarchical cluster tree represent
control, dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment (R24 h), respectively. Each individual protein is represented by a
single column of colour boxes. The up- and down-regulated proteins are indicated in red and green, respectively. The colours intensity is increased
with the expression differences increasing, as shown in the bar. The expression profile of each individual protein in the cluster is depicted by gray lines,
while the mean expression profile is marked in pink for each cluster. The number of proteins in each cluster is given in the left upper corner, and the
cluster number is given in the right lower corner. Only the clusters with n > 6 were taken to investigate the co-expression patterns for functionally
similar proteins. The detailed information on proteins within each cluster is presented in Additional file 9: Figure S2
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conjugation of methionine and ATP to generate SAM
[67, 68]. Previous study has reported that SAMS plays
a role in betaine (an organic osmolyte) biosynthesis
induced by drought [69] and promotes lignin accu-
mulation for the rearrangement and reinforcement of
cell wall [70, 71]. The up-regulated SAMS 2 (spot 4603) in
Longchun 23 during the early period of drought stress
may contribute to the early protection mechanism against
drought through osmolyte accumulation or an accelerated
formation of vascular tissue and aerenchyma.
There were also other metabolism-related enzymes
providing additional information for wheat in response
to drought stress. Previous studies have found that acid
phosphatase (ACP) activity was increased under low
phosphorus stress [72–74]. The up-regulation of acid
phosphatase 1 (spot 8210) in Longchun 23 and putative
acid phosphatase (spots 9036 and 9037) in Xihan No. 2
during the early period of drought stress indicated that
phosphate metabolism may be a positive drought-
response by promoting phosphate absorption, transport
and utilization in wheat. Aldehyde dehydrogenases
(ALDHs) belong to a family of NAD(P)+-dependent en-
zymes that catalyze the oxidation of various toxic alde-
hydes to carboxylic acids [75, 76]. The up-regulation of
ALDH family 2 member B7 (spot 4703) in Longchun 23
during the early period of drought stress can decrease
the toxicity of aldehyde supported from the report of
Sunkar et al. [77]. Formate dehydrogenase (FDH) is a
mitochondrial and NAD-dependent enzyme that cata-
lyzes the oxidation of formate to carbon dioxide in
plants [78, 79]. Previous study has demonstrated that
FDH activity was highest in intact sprouting potato tu-
bers under hypoxia stress [80]. The up-regulated FDH
(spot 7401) in Xihan No. 2 during the middle period of
drought stress reflected its important role in anaerobic
metabolism of drought-tolerant cultivar.
Photosynthesis-related proteins
Oxygen-evolving enhancer proteins (OEE) as an auxil-
iary component of photosystem II (PS II) manganese
cluster can control O2 evolution and maintain the stabil-
ity of PS II [81, 82]. The gradually down-regulated OEE
1–2 (spot 1208) in Xihan No. 2 and the rapidly down-
regulated OEE 2 (spot 4113) in Longchun 23 under
drought stress suggested that drought-tolerant cultivar
have more stability of oxygen-evolving activity of PS II.
Rubisco is a key rate-limiting enzyme responsible for
photosynthetic carbon assimilation [83, 84]. There
were several down-regulated Rubisco proteins found in
two wheat cultivars, including Ribulose-1,5-bisphosphate
carboxylase/ oxygenase (RuBisCO) large subunit (spot
6713), Ribulose1,5-bisphosphate carboxylase activase iso-
form 1 (spots 3402 and 2504), RuBisCO large subunit-
binding protein subunit alpha (spot 1604) and subunit
beta (spot 2908) in Xihan No. 2 and RuBisCO large sub-
unit (spot 4708), RuBisCO large subunit-binding protein
subunit alpha (spot 1703), RuBisCO large subunit (spot
4705) and rbcL (spot 6214) in Longchun 23. It might be
one of main non-stomatal factors for the decreased
photosynthetic rate in two wheat cultivars under drought
stress as suggested by Galmés et al. [85]. Fructose-1, 6-
bisphosphate aldolase (FBA) reversibly catalyzes the con-
version of fructose-1,6-bisphosphate (FBP) to glyceralde-
hyde 3-phosphate (GAP) and dihydroxy acetone 3-
phosphate [86, 87]. Under stress condition, both GAP and
FBP may be converted to glucose 6-phosphate for re-entry
into the PPP for NADPH synthesis [63]. The down-
regulation of FBA (spots 7407, 2309, 3303, 3306, 3302 and
5505) in Xihan No. 2 can enhance NADPH synthesis for
energy and maintenance of Calvin cycle. Otherwise, some
photosynthetic pigment biosynthesis-regulated enzymes
were also identified in two wheat cultivars. Protochloro-
phyllide reductase (spots 8426 and 9406), catalyzing
phototransformation of protochlorophyllide to chloro-
phyllide in chlorophyll biosynthesis [88, 89], was up regu-
lated in Xihan No. 2. Glutamate-1-semialdehyde 2,1-
aminomutase (spots 3508 and 3511) participating in por-
phyrin and chlorophyll metabolism [90] and magnesium-
protoporphyrin O-methyltransferase (spot 7306) involved
in light-independent chlorophyll biosynthesis [91] were
up-regulated in Longchun 23. It suggested that the en-
hanced photosynthetic pigment synthesis might be a com-
mon mechanism in response to drought stress in both
drought-tolerant and sensitive cultivars.
Redox homeostasis-related proteins
Plants have developed some antioxidative systems in-
cluding various antioxidants and antioxidase to protect
against oxidative damage caused by reactive oxygen spe-
cies (ROS) under drought stress [20, 41, 92]. Several
antioxidases were found to be up-regulated in Xihan No.
2 under drought stress, including glutathione transferase
(spots 7102, 6105 and 6101), glutathione peroxidase-like
protein GPX54Hv (spot 7005), peroxidase (spots 9314
and 8213), probable L-ascorbate peroxidase 6 (spot
6208) and manganese superoxide dismutase (Mn-SOD,
spot 7105). Glutathione transferases (GSTs) as important
detoxification enzymes catalyze the conjugation of xe-
nobiotics or their metabolites to glutathione (GSH)
[93, 94]. Glutathione peroxidases (GPXs) catalyze the
reduction of H2O2, organic hydroperoxides and lipid
peroxides using GSH and/or other reducing equivalents
[95]. The up-regulation of GSTs (spots 7102, 6105 and
6101) and GPX-like protein GPX54Hv (spot 7005) in
Xihan No. 2 may protect cell membrane from oxidative
damage and maintain cellular redox homeostasis [96, 97].
The up-regulated probable L-ascorbate peroxidase 6 (spot
6208) in Xihan No. 2 can detoxify H2O2 to H2O and
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promote the fine-tuning of ascorbate-glutathione cycle
[98, 99]. Mn-SOD (spot 7105) is the principal scavenger
for superoxide in mitochondria, thus its up-regulation in
Xihan No. 2 may provide the dismutation role of super-
oxide radical to hydrogen peroxide and oxygen in
mitochondrial [100, 101]. It appeared that the multi-
components antioxidant systems may take part in
ROS scavenging and maintain a higher drought toler-
ance in Xihan No. 2. However, only one up-regulated
ascorbate peroxidase (spot 5201) and one down-
regulated gamma-glutamylcysteine synthetase (γ-GCS,
spot 2602) catalyzing production of the cellular anti-
oxidant GSH [102, 103] were identified in Longchun 23.
The down-regulation of γ-GCS might inhibit GSH synthe-
sis and lead to a higher oxidative state in Longchun 23
under drought stress.
Defense-related proteins
Twelve defense-related proteins were identified in Xihan
No. 2, including glucan endo-1,3-beta-glucosidase (spot
9319), cyclophilin-like protein (spots 8001 and 8003),
NAD(P)-binding Rossmann-fold-containing protein (spot
5210), CBS domain containing protein (spot 8009),
alpha-1,4-glucan-protein synthase (spot 5406), germin-
like protein 1 (spots 5102, 4112 and 3001), xylanase
inhibitor TAXI-IV (spot 9402), stress responsive pro-
tein (spot 7306) and USP family protein (spot 5002).
Except for alpha-1,4-glucan-protein synthase and germin-
like protein 1, all the other proteins were up-regulated at
least one time stage under drought stress. Glucan
endo-1,3-beta-glucosidase (spot 9319) can degrade the
fungal cell wall polysaccharides [104, 105], and its up-
regulation in Xihan No. 2 may protect against fungal
pathogen infection under drought stress. Cyclophilin-
like protein (spots 8001 and 8003) belongs to a large
family of enzyme with peptidyl prolyl isomerase activ-
ity, which might participate in stress response and
pathogen immunity in Xihan No. 2 as suggested by
Chen et al. [106] and Gan et al. [107]. Xylanase in-
hibitor TAXI-IV (spot 9402) can suppress microbial
xylanases and participate in defense against fungal
and bacteria pathogens [108, 109]. CBS domain con-
taining protein (spot 8009) is connected by 2 or 4
cystathionine β-synthase (CBS) domains [110]. Over-
expression of this protein can improve salinity, oxida-
tive and heavy metal tolerance in transgenic tobacco
[111], speculating its important role in stress re-
sponse. NAD(P)-binding Rossmann-fold-containing pro-
tein (spot 5210) can produce coenzyme NAD(P)+ that is
an important proton transfer and energy receptor in res-
piration, and its up-regulation in Xihan No. 2 may acceler-
ate anaerobic respiration and reduce toxic substances
accumulation under drought stress. In addition, the up-
regulation of stress responsive protein (spot 7306) and
USP family protein (spot 5002) also showed the potential
to improve resistance against drought in Xihan No. 2.
However, only a few defense-related proteins were identi-
fied in Longchun 23, such as putative plastid-lipid-
associated protein 3 (spot 0403) involved in drought-re-
lated jasmonate biosynthesis [112], thaumatin-like
protein TLP5 (spots 7104 and 6105) and class II
chitinase-like protein (spot 3301) associated with
pathogen resistance [113, 114]. All the results indi-
cated that more defense mechanisms were induced in
the drought-tolerant cultivar than in the sensitive cul-
tivar under drought stress, which can contribute to
stronger drought resistance.
Energy-related proteins
F-ATPase is a key enzyme of energy metabolism that
uses the transmembrane electrochemical proton gradi-
ent generated by oxidative phosphorylation or photo-
synthesis to drive ATP synthesis [115, 116]. The up-
regulation of F1-ATPase (spots 9114 and 9115) and
ATP synthase precursor (spot 3108) in Xihan No. 2
might enhance ATP synthesis and provide more en-
ergy for drought resistance. The similar behaviours of
these proteins were also described in wheat, rice,
Boea hydrometrica and Arabidopsis thaliana under
various abiotic stresses [92, 117–119]. The up-regulated
adenylate kinase A (spots 8201 and 7215) in Xihan No. 2
could contribute to regulate multiple cellular energy-
dependent and nucleotide signaling processes under
drought stress through catalyzing phosphotransfer as
suggested by Dzeja and Terzic [120]. However, only
one energy-related protein, F0-F1 ATPase alpha sub-
unit (spot 3707), were identified in Longchun 23,
which was up-regulated during the early period of
drought stress and then down-regulated. It suggested
that comparing to a transient enhancement of ATP
synthesis during the early period of drought stress in
sensitive cultivar, drought-tolerant cultivar can enhance
energy metabolism for drought resistance through a con-
tinuous ATP synthesis.
Protein translation, processing and degradation-related
proteins
Many identified proteins in two wheat cultivars were
attributed to protein metabolism, which were divided
into three functional groups. The first group was
functioned in protein biosynthesis. Translation elong-
ation factor is a core translational protein that cata-
lyzes the initiation and elongation of newly growing
peptide chains [121, 122]. Several GTP-driven elong-
ation factors, chloroplast translational elongation fac-
tor Tu (spot 2502) in Xihan No. 2 and elongation
factor G (spot 1810) and elongation factor Tu (spot
2610) in Longchun 23, were down-regulated, reflecting
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that the GTP-dependent ribosomal translocation elong-
ation of protein biosynthesis might be inhibited by
drought stress [123, 124]. The similar behaviours of
these proteins were also described in soybean geno-
types with different salt tolerance [125]. Ribosomal
protein is one kind of highly conserved proteins that
make up ribosomal subunits involved in the cellular
process of translation [126]. The up-regulation of 30S
ribosomal protein S5 (spot 1409) in Xihan No. 2 and
50S ribosomal protein L10 (spots 3103 and 5102) in
Longchun 23 can promote mRNA/ribosome interac-
tions early in translation [127]. The second group
participated in protein degradation. Proteolysis is ne-
cessary for the removal of abnormal, modified and
mistargeted proteins and for altering the balance of
proteins [21]. Proteasome subunit alpha type-2 (spot
3218), 20S proteasome beta 7 subunit (spot 8102),
aspartic proteinase nepenthesin-1 precursor (spots
8518, 9310 and 7311), triticain alpha (spot 0209) in
Xihan No. 2, and proteasome subunit alpha type-7-A
(spot 8304), proteasome subunit alpha type-1 (spot
1307) and ATP-dependent Clp protease proteolytic
subunit (spots 3205 and 2206) in Longchun 23, were
up-regulated under drought stress. It was postulated
that proteases and proteasomes play key roles in
maintaining strict protein quality control and degrad-
ing specific sets of proteins in response to drought
stress in both drought-tolerant and sensitive cultivars
[21, 128, 129]. The third group was engaged in pro-
tein refolding and assembly. Heat shock proteins
(HSPs) act as molecular chaperones that protect
plants against various stresses by re-establishing nor-
mal protein conformation and cellular homeostasis
[130–132]. Two HSP70s, 70 kDa heat shock protein
(spot 1701) and chloroplast envelope membrane 70 kDa
heat shock-related protein (spot 2701), were down-
regulated in Xihan No. 2. It was proposed that the trans-
port of newly synthesized peptides was decreased in
Xihan No. 2, partially due to the decreased protein
synthesis under stress conditions as suggested by
Jiang et al. [133] and Cheng et al. [134]. Chaperone
protein dnaJ 10 (spot 6505) as an Hsp40 chaperone
was up-regulated in Longchun 23 during the middle
period of drought stress, which can help transfer sub-
strate proteins to Hsp70s and regulate their ATPase
activity [135]. The down-regulated chaperone protein
ClpC1 (spot 3801) in Longchun 23 can reduce the
degradation ability of denatured chloroplast proteins.
Peptidyl-prolyl cis-trans isomerases, a superfamily of
ubiquitous folding catalysts, catalyzes the interconver-
sion of peptidyl-prolyl imide bonds in peptide and
protein substrates [136, 137]. The up-regulated peptidyl-
prolyl cis-trans isomerase FKBP20-2 (spot 1116) in
Xihan No. 2 and down-regulated peptidyl-prolyl cis-trans
isomerase (spot 0510) in Longchun 23 reflected its critical
role in accelerating protein folding of drought-tolerant
cultivar. Overall, the expression patterns of these proteins
in three groups indicated that protein biosynthesis
might be inhibited by drought stress in both drought-
tolerant and sensitive cultivars, whereas the higher
degradation ability of denatured proteins as well as
the enhanced protein folding may be appeared in tol-
erant cultivar for drought resistance.
Transport, cellular structure and signaling-related
proteins
Some transport-related proteins were identified to be
up-regulated in Xihan No. 2 and Longchun 23, indicat-
ing that there exists active transport of ions and metabo-
lites for drought adaptation in both drought-tolerant and
sensitive wheat cultivars. Voltage dependent anion chan-
nel (VDAC, or mitochondrial outer membrane porin)
regulates metabolic and energetic flux across the outer
mitochondrial membrane [138, 139]. The up-regulation
of VDAC (spot 9303 and 9305) and mitochondrial outer
membrane porin (spot 8220 and 8250) could enhance
the exchange of ions and molecules between mitochon-
dria and cytosol for maintaining intracellular homeosta-
sis under drought stress. YLP (spot 7325) belonged to
the component of vacuolar H+-ATPase subunit E in
Xihan No. 2 and vacuolar proton-ATPase subunit A
(spot 2816) in Longchun 23 were also up-regulated,
which may maintain an electrochemical proton gradient
across the tonoplast to drive transmembrane transport
of ions and metabolites for drought adaptation as sug-
gested by Wang et al. [140]. The up-regulated rab pro-
tein (spot 6212, 6215 and 7206) in Longchun 23 may
function as regulators in membrane-trafficking pathways
[141]. In addition, there were two proteins associated
with cellular structure and signaling functions identified
in Longchun 23. Actin can form microfilaments that are
essential elements of cytoskeleton [142, 143]. The up-
regulated actin (spot 2506) in Longchun 23 might be re-
quired to adjust cellular behavior in response to drought
stress. Calreticulin (CRT) as an abundant Ca2+-binding
protein maintains the intracellular Ca2+ homeostasis and
Ca2+ signaling pathway [144], which plays a positive role
in stress response of plants such as cold, drought and
disease [145–147]. The down-regulated CRT (spot 0602)
in Longchun 23 appeared that Ca2+ signaling transduc-
tion was weakened and thus cannot start some key
defense reaction in drought-sensitive cultivar.
Miscellaneous and unknown proteins
In addition to the major protein classes, other important
proteins were also identified. UDP-glucuronate decarb-
oxylase 1 (spot 8406) involved in cell wall biosynthesis
of plants [148] was up-regulated and then gradually
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down-regulated in Xihan No. 2, reflecting that the cell
wall components of drought-tolerant cultivar were im-
pacted by drought. The up-regulated ankyrin-repeat pro-
tein HBP1 (spot 1623) in Xihan No. 2 might be a
positive response to drought signaling by mediating
protein-protein interactions [149]. The rapidly down-
regulated victorin binding protein (spot 6808) in Xihan
No. 2 seems to reduce the intracellular toxin [150]. S-
like RNases have been reported to be induced by inor-
ganic phosphate-starvation or in response to pathogen
infection and mechanical wounding [151, 152]. The up-
regulated S-like RNases (spot 7219, 7108 and 6213) in
both two wheat cultivars might act as a positive regula-
tor in drought response as suggested by Zheng et al.
[153]. Two key enzymes in ubiquitination-proteasomal
pathway, ubiquitin-conjugating enzyme 26 (spot 1001)
in Xihan No. 2 and NEDD8-conjugating enzyme Ubc12
(spot 8106) in Longchun 23, were up-regulated, impli-
cating that the ubiquitin-dependent protein degradation
plays an important role in drought tolerance of wheat as
suggested by Zhou et al. [154]. The up-regulated
flavoprotein wrbA-like isoform 1 (spot 5105) in Longchun
23 could prevent interaction of the semiquinone with
O2 and production of superoxide under drought
stress [155]. Otherwise, there were some unknown
proteins identified, which are subject to further stud-
ies for clarifying their contributions in response to
drought stress in wheat.
Conclusions
Our integrated analysis of physiology and proteome
data provides useful information about the drought-
response mechanism of two wheat cultivars with dif-
ferent drought tolerance (Xihan No. 2, a drought-
tolerant cultivar and Longchun 23, a drought-sensitive
cultivar). Quantitative image analysis of 2-DE gels
showed significant variations of 172 protein spots
from Xihan No. 2 and 215 protein spots from Long-
chun 23. Out of these spots, a total of 84 and 64 dif-
ferentially abundant proteins were identified by
MALDI-TOF/TOF MS in Xihan No. 2 and Longchun
23, respectively. Most of these identified proteins
Fig. 10 The representative models for summarizing the functional and regulatory networks activated by drought stress in Xihan No. 2. The
identified proteins are displayed on the corresponding metabolic pathways. The colour boxes are representative of expression profiles of
individual protein during dehydration and rehydration. The up- and down-regulation of proteins are indicated in red and green, respectively. The
colours intensity is increased with the expression differences increasing. The number given on the left side of each colour boxes indicates the
protein identification number in accordance with Additional file 6: Table S4
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were involved in metabolism, photosynthesis, defence
and protein translation/processing/degradation in two
wheat cultivars. In addition, the proteins involved in
redox homeostasis, energy, transcription, cellular
structure, signalling and transport were also identified.
Hierarchical clustering results revealed that these pro-
teins were involved in a dynamic network in response
to drought stress. The representative models for sum-
marizing the functional and regulatory networks acti-
vated by drought stress in Xihan No. 2 and Longchun
23 were illustrated in Figs. 10 and 11, respectively.
Wheat leaf cells can perceive drought signalling through
putative sensors and transmit them to regulate transcrip-
tion, protein synthesis and processing, thereby affecting
the levels of functional proteins involved in metabolism,
photosynthesis, redox homeostasis, defence, energy
and so on. These cellular processes work more co-
operatively to re-establish homeostasis in drought-
tolerant cultivar than sensitive cultivar. More glucose
metabolism-related enzymes regulated in sensitive cul-
tivar suggested more energy requirement in sensitive
cultivar under drought stress. The up-regulation of
proline biosynthesis-related enzyme can enhance the
osmotic adjustment ability of cells in drought-tolerant
cultivar. The down-regulation of Rubisco is one of
main non-stomatal factors for the decreased photo-
synthetic rate in both two wheat cultivars, whereas
the relative stability of PS II might be an effective
method of drought-tolerant cultivar in response to
drought stress. The up-regulation of ATP synthesis-
related enzymes can enhance energy metabolism in
drought-tolerant cultivar for protective and repair re-
actions. The higher degradation ability of denatured
proteins as well as the enhanced protein folding may
be associated with stronger drought resistance in tol-
erant cultivar. More defense mechanisms induced in
the tolerant cultivar than in the sensitive cultivar can
also contribute to stronger drought resistance. Future
work should integrate transcriptomics, proteomics, and
metabolomics approaches to gain a comprehensive know-
ledge of the sophisticated molecular networks of response
and acclimation to drought stress in wheat.
Fig. 11 The representative models for summarizing the functional and regulatory networks activated by drought stress in Longchun 23. The
identified proteins are displayed on the corresponding metabolic pathways. The colour boxes are representative of expression profiles of
individual protein during dehydration and rehydration. The up- and down-regulation of proteins are indicated in red and green, respectively. The
colours intensity is increased with the expression differences increasing. The number given on the left side of each colour boxes indicates the
protein identification number in accordance with Additional file 7: Table S5
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Additional files
Additional file 1: Figure S3. The primary 2-DE gel maps at least three
biological replicates for control, dehydration treatments (18 h, 24 h and
48 h) and rehydration treatment (R24 h) in Xihan No. 2. (TIF 1852 kb)
Additional file 2: Figure S4. The primary 2-DE gel maps at least three
biological replicates for control, dehydration treatments (18 h, 24 h and
48 h) and rehydration treatment (R24 h) in Longchun 23. (TIF 1707 kb)
Additional file 3: Table S1. The primary identification information of
differentially abundant proteins associated with drought stress response
in Xihan No. 2 by MALDI-TOF/TOF MS. (XLSX 77 kb)
Additional file 4: Table S2. The primary identification information of
differentially abundant proteins associated with drought stress response
in Longchun 23 by MALDI-TOF/TOF MS. (XLSX 74 kb)
Additional file 5: Table S3. Information of single-peptide-based protein
identifications in Xihan No. 2 and Longchun 23. (XLSX 566 kb)
Additional file 6: Table S4. Identification of differentially abundant
proteins associated with drought stress response in Xihan No. 2. Protein
identifications were performed by searching for the Viridiplantae index of
the NCBInr database using peptide mass fingerprinting (PMF) and MS/MS
data from a MALDI-TOF/TOF mass spectrometry analysis. The spot number
as given on the 2-DE gel image (shown in Fig. 3), the identified protein
name, the source organism, the gene identification number as in GenBank,
the number of matched peptides, the statistical score from the database,
the sequence coverage (%), the theoretical Mass (kDa)/ pI values retrieved
from protein database and the means for relative protein abundance ±
standard error (SE) were listed. Spots with a significant differential expression
are described as the spot volumes that were significantly different (p < 0.05,
at least 2.5-fold) in relative abundance. (DOC 485 kb)
Additional file 7: Table S5. Identification of differentially abundant
proteins associated with drought stress response in Longchun 23. Protein
identifications were performed by searching for the Viridiplantae index of
the NCBInr database using peptide mass fingerprinting (PMF) and MS/MS
data from a MALDI-TOF/TOF mass spectrometry analysis. The spot
number as given on the 2-DE gel image (shown in Fig. 4), the identified
protein name, the source organism, the gene identification number as
in GenBank, the number of matched peptides, the statistical score from
the database, the sequence coverage (%), the theoretical Mass (kDa)/pI
values retrieved from protein database and the means for relative
protein abundance ± standard error (SE) were listed. Spots with a significant
differential expression are described as the spot volumes that were
significantly different (p < 0.05, at least 2.5-fold) in relative abundance.
(DOC 372 kb)
Additional file 8: Figure S1. The detailed information on differentially
abundant proteins within each cluster in the clustering analysis of Xihan
No. 2. The five columns of hierarchical cluster tree represent control,
dehydration treatments (18 h, 24 h and 48 h) and rehydration treatment
(R24 h), respectively. Each rows represent individual proteins. The up- and
down-regulation of proteins are indicated in red and green, respectively.
The intensity of colours is increased when the expression differences
increased, as shown in the bar at the top. The differentially abundant
proteins were grouped into 9 clusters in Xihan No. 2. The detailed
information on these proteins within each cluster is presented, including
the protein identification number, protein name and source organism.
(TIF 13294 kb)
Additional file 9: Figure S2. The detailed information on differentially
abundant proteins within each cluster in the clustering analysis of
Longchun 23. The five columns of hierarchical cluster tree represent
control, dehydration treatments (18 h, 24 h and 48 h) and rehydration
treatment (R24 h), respectively. Each rows represent individual proteins.
The up- and down-regulation of proteins are indicated in red and green,
respectively. The intensity of colours is increased when the expression
differences increased, as shown in the bar at the top. The differentially
abundant proteins were grouped into 8 clusters in Longchun 23. The
detailed information on these proteins within each cluster is presented,
including the protein identification number, protein name and source
organism. (TIF 10684 kb)
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